The hybrid curvaton by Dimopoulos, Konstantinos et al.
ar
X
iv
:1
20
1.
60
37
v3
  [
he
p-
ph
]  
13
 M
ay
 20
12
The hybrid curvaton
Konstantinos Dimopoulos
Consortium for Fundamental Physics, Physics Department, Lancaster University, Lancaster LA1 4YB, UK
Kazunori Kohri
Cosmophysics group, Theory Center, IPNS, KEK,
and The Graduate University for Advanced Study (Sokendai), Tsukuba 305-0801, Japan
Tomohiro Matsuda
Physics Department, Lancaster University, Lancaster LA1 4YB, UK,
and Laboratory of Physics, Saitama Institute of Technology, Fukaya, Saitama 369-0293, Japan
We study both oscillating and inflating curvaton scenarios when the curvaton mechanism is
caused by a hybrid potential. The source of the curvature perturbation is the inhomogeneous phase
transition that causes the modulation of the onset of the oscillation. For the supergravity-motivated
curvaton there is a possibility of finding natural coincidence of the energy density that is needed to
affect non-Gaussianity in the curvaton scenario.
PACS numbers: 98.80Cq
I. INTRODUCTION
The primordial perturbation in the inflationary epoch
is widely believed to be the primary origin of the forma-
tion of the large-scale structure in the Universe [1]. The
generation of the curvature perturbation ζ in the origi-
nal inflation scenario is due to the inflaton perturbation
δφ that exits the horizon during inflation. The curva-
ture perturbation ζ in the original single-field inflation
scenario is generated from the inflaton perturbation δφ,
which remains constant after the horizon exit. In the
curvaton scenario, ζ is instead generated after inflation
from the isocurvature perturbation of a curvaton field [2]
(for a recent review see Ref. [3]).
In this paper we consider a hybrid potential for the
curvaton scenario and study both the original (oscillat-
ing) [2] and the inflating curvaton [4]. 1 The hybrid po-
tential is very important in cosmological model building
and a vast variety of models have been considered [7, 8].
This paper presents the first attempt in choosing the hy-
brid potential V (ϕ, σ) for the curvaton mechanism. In
this paper we try to keep the discussion as simple as
possible. We introduce three parameters α, β and γ to
measure the model dependence of the scenario, and avoid
highly model-dependent arguments. Since the non-trivial
evolution after the waterfall [6] may ruin the simplicity of
the model, we assume matter-like evolution (ρσ ∝ a−3)
that starts just after the phase transition. The phase
transition is called “trigger” in this paper because the
phase transition triggers the oscillation of the waterfall
field σ. A crucial difference from the usual curvaton is
that the source of the perturbation is not the perturba-
tion of the oscillating (waterfall) field (because δσ = 0
1 See also Ref. [5] for another application of the inflating curvaton.
for large scale) but the perturbation of the slow-rolling
field (δϕ 6= 0) [9], which is not the inflaton (φ) of the
primordial inflation but it is the field which triggers the
phase transition. The characteristics of this scenario are
shown in Fig. 1.
FIG. 1: Evolution of the energy density of the curvaton
and the background radiation. The graph shows the evo-
lution of the “oscillating curvaton”, which dominates the en-
ergy density of the Universe during oscillation. The crossing
(ρosc = ρr) does not happen if rdec < 1. As is discussed in
the text, rdec is determined by the model parameters.
Let us first consider the basic curvaton scenario. The
initial perturbation of the curvaton σ is given by
δρσ
ρσ
∣∣∣∣
osc
≃ 2δσ
σ
. (1)
This corresponds to the perturbation δρ2 in Fig.1. If the
oscillation starts at m2σ ≃ H2, tosc (in the figure) is ex-
actly determined by the curvaton mass mσ. Then there
2is no perturbation which corresponds to δtosc. Obviously,
both δρ2 and δtosc can source the curvaton perturbation,
but in the basic scenario the source perturbation is al-
most entirely coming from δρ2.
The total curvature perturbation during the curvaton
oscillation is given by
ζ = (1− f)ζr + fζσ, (2)
where we introduced the ratio f ≡ 3ρσ/(4ρr+3ρσ). Here
ζr ≡ δρr/4ρr is negligible. To calculate the curvaton
perturbation, what we need is the quantity ζσ at the
beginning of the oscillation because ζσ, defined by
ζσ ≡ −H δρσ
ρ˙σ
=
1
3
δρσ
ρσ
, (3)
becomes constant during the (quasi)sinusoidal oscilla-
tion.
The new idea in this paper is that ζσ is dominated
by the perturbation δtosc. In the basic (non-hybrid) sce-
nario, the perturbation caused by δtosc does not dominate
the total curvature perturbation.2 The reason is as fol-
lows. The source of δtosc in the basic curvaton scenario
is δmσ, and mσ is not a constant when the potential is
not quadratic. Assuming that the sinusoidal oscillation
starts at η = 1, the perturbation at the beginning of the
oscillation is given by
δtosc ≃ −δη
η˙
(4)
Here we consider
δη ≃ ∂η
∂σ
δσ (5)
η˙ ≃ ∂η
∂σ
σ˙ +
∂η
∂H
H˙ ≃ −2η H˙
H2
H = 4ηH, (6)
where, in contrast to the inflation phase, H˙/H2 = −2 in
the radiation dominated Universe, which dominates the
evolution of η. Assuming a polynomial function η ∝ σp,
we find ∂η/∂σ = pη/σ and
δtosc ≃ p
4H
δσ
σ
, (7)
where the quadratic potential gives p = 0, which always
leads to δtosc = 0. For p 6= 0, we find
δρσ
ρσ
∣∣∣∣
δtosc
≃ ρ˙σ × δtosc
ρσ
= −3Hδtosc ≃ 3p
4
δσ
σ
. (8)
The above perturbation is comparable to the perturba-
tion sourced by δρ2 in the basic curvaton scenario. There-
fore, this perturbation does not dominate the curvature
perturbation, but may change its non-Gaussianity.
2 Modulated interaction may cause the curvature perturbation to
be dominated by δtosc [9, 10]. Such modulated (inhomogeneous)
interaction is not considered in this paper.
As the result, the deviation from the quadratic poten-
tial (p 6= 0) may cause δtosc 6= 0, but this perturbation
cannot dominate over the total curvature perturbation.
In the original curvaton scenario, the above dynamics
has been included in the function g(σ∗) introduced in
Ref. [11]. (See also Ref.[12, 13])
II. NON-INFLATING HYBRID CURVATON
To find a significant enhancement of the curvaton per-
turbation, consider a hybrid potential that is given by
V =
λ
4
(
M2 − σ2)2 + g2
2
ϕ2σ2 +
1
2
m2ϕϕ
2. (9)
The potential during slow-roll is V0 ≃ λ4M4.
The hybrid potential usually leads to generation of cos-
mic strings at the phase transition (σ = 0→ σ 6= 0), but
in this curvaton scenario the strings do not lead to a
serious cosmological problem because the typical energy
scale is much lower than the cosmological bound.
Suppose that the “rolling field” (ϕ) rolls from far away
(ϕini ≫ ϕc) and the sinusoidal oscillation of the “wa-
terfall field” (σ) starts suddenly after the phase transi-
tion. In this model, tosc is determined by the “rolling
field” reaching the waterfall at ϕ(tosc) = ϕc., where
ϕc ≡ (
√
λ/g)M is the critical value which triggers the
phase transition. Therefore, the perturbation δtosc [14]
is given by
δtosc ≃ δϕ
ϕ˙
, (10)
where ϕ˙ denotes the velocity in the radiation-dominated
Universe evaluated at the waterfall. On the other hand,
the initial value of the curvaton oscillation is given by
ρσ(tosc) = V0 =
λ
4
M4, which means that the conventional
source of the perturbation (δρ2 in Fig. 1) vanishes in this
model. For simplicity, assume that the energy density of
the curvaton oscillation evolves as ρσ ∝ a−3 just after
the phase transition.
In this scenario, the perturbation of the “rolling field”
(δϕ 6= 0) is converted into δtosc to cause the perturba-
tion δρσ. In this model, the transfer of the perturbation
δϕ → δtosc → δρσ sources the curvaton perturbation
ζσ ≡ δρσ/3ρσ.
The modulation of the phase transition (δtosc ≃ δϕ/ϕ˙)
causes the perturbation of the curvaton density;
δρσ
ρσ
≃ ρ˙σδtosc
ρσ
≃ −3H δϕ
ϕ˙
, (11)
where ρ˙σ = −3Hρσ is assumed for the oscillation. If
ϕ rolls slowly before the phase transition, there is a
significant enhancement of the curvaton perturbation.
Note that, in the above equation, ϕ˙ is not the con-
ventional slow-roll velocity which is usually given by
3ϕ˙s ≡ −Vϕ/3H . This field has a significant acceler-
ation ϕ¨ 6= 0 due to H˙/H2 = −2 in the radiation-
dominated Universe. Moreover, the typical expansion
given by δϕ = ϕ˙δt+ 1
2
ϕ¨(δt)2+ ... shows that the relation
between δt and δϕ is obviously non-linear. This kind of
non-linearity does not appear in the case of the standard
quasi-de Sitter inflation (with ϕ the inflaton), since ϕ¨ ≃ 0
is usually assumed for ϕ to undergo slow-roll. However,
ϕ¨ ≃ 0 is not true in the radiation-dominated background.
For later convenience, we consider the approximation;
ϕ˙(tosc) ≃ αϕ˙s ≡ −α Vϕ
3Hosc
, (12)
whereH2osc ≡ ρr/3M2p > V0/3M2p denotes the Hubble pa-
rameter at the phase transition. Here Mp is the reduced
Planck mass. The deviation from slow-roll is measured
by α 6= 1. We assume α ∼ O(1) to avoid extreme sit-
uations.3 In some extreme models the non-Gaussianity
could be affected, but in the present scenario the effect
is at most O(1). In the radiation-dominated Universe
and for the quadratic potential, α = 3/5 has been de-
rived in Ref. [13]. The opposite (ρr < V0) corresponds to
the inflating curvaton scenario. An intermediate scenario
where H2osc ∼ V0/3M2p is also discussed in this paper.
Considering the oscillation of σ as in the basic curvaton
scenario, the density perturbation of the curvaton is
ζσ ≡ −H δρσ
ρ˙σ
=
1
3
δρσ
ρσ
. (13)
From Eq.(11), we find
ζσ ≃ −
(
H
δϕ
ϕ˙
)
osc
(14)
=
(
1
α
3H2
m2ϕ
δϕ
ϕ
)
osc
(15)
≡
(
1
αη
δϕ
ϕ
)
osc
, (16)
where η ≡ m2ϕ/3H2 denotes the slow-roll parameter of
the rolling field ϕ. For later convenience, we introduce a
new parameter β that is defined by
β ≡ m
2
ϕ
m2
0
, (17)
3 Although it depends on situation, the assumption α ∼ O(1) may
hold even if the field ϕ started oscillating near the waterfall. Here
the breakdown of slow-roll occurs first, then fast-roll may follow.
There could be a breakdown of fast-roll if β > 1 (β is defined in
Eq. (17)), where ϕ starts oscillating but we assume the oscillation
soon stops at the waterfall. Assuming that fast-roll breaks down
at ϕ = ϕb, ϕ gains the kinetic energy K∆ <
1
2
m2ϕϕ
2
b
. Comparing
K∆ with the (possible) slow-roll kinetic energy at the waterfall;
Ks ≃
[
m2
ϕ
ϕc
3H
]2
, we find approximately α < ϕb/ϕc. Note that
in Eq. (11) the conventional slow-roll is not assumed.
where m20 ≡ V0M2
p
is the possible soft-breaking mass that
usually appears in supergravity when the F-term is given
by |F | ∼ V 1/2
0
. It is evident that β ∼ 1 is motivated by
supergravity, and β 6∼ 1 measures the deviation from the
naive setup.4 η ≪ 1 and β ∼ 1 are possible at the same
time if the Universe is dominated by the radiation [17].
A. Slow-roll and slow-decay
Let us consider the spectrum P1/2δϕ ≃ H1/2π for the
slow-rolling field, where H1 is the Hubble parameter dur-
ing the primordial inflation. Defining the energy ratio at
the beginning of the σ oscillation as
rosc ≡ V0
ρr(tosc)
=
λM4
12M2pH
2
osc
≪ 1 ,
we find at tosc;
η = βrosc . (18)
Again, η ≪ β is possible when rosc ≪ 1. The spectrum
of the curvaton perturbation is given by
P1/2ζσ ≃
1
αβrosc
(
H1/2π
ϕ
)
osc
≃ g
2παβrosc
√
λ
H1
M
. (19)
Here the evolution of δϕ is neglected because of the slow-
roll assumption. Defining the gravitational decay con-
stant as Γg ≃ (
√
λM)3/M2p , and considering the actual
decay rate Γσ ≡ ξΓg ≥ Γg, where ξ(>∼ 1) measures the
deviation from the gravitational decay, we find that the
Hubble parameter at the decay is given by
Hdec ≃ Γσ ≃ ξ λ
3/2M3
M2p
, (20)
which leads to the density ratio
rdec ≡ ρσ
ρ
∣∣∣∣
dec
= rosc ×
(
Hosc
Hdec
)1/2
(21)
where the evolution is possible until rosc = 1. Here the
value of rosc < 1 (at the beginning of the oscillation) is
determined by the initial condition. Although the sit-
uation depends on the choice of the model, ξ ≫ 1 may
cause significant interaction between ϕ and the radiation,
which could alter the potential. In this sense, the poten-
tial used in the above argument is the effective potential
approximated at the point very close to the waterfall and
it includes all these corrections.
4 D-term inflation may avoid β ∼ 1 [15, 16]. β > 1 is inevitable if
the usual supersymmetry breaking sector (which is not related
to the curvaton potential) gives the mass term with β > 1. In
both cases β is highly model-dependent.
4The spectral index is n− 1 ≃ −2ǫ1 + 2η and the non-
Gaussianity is fNL =
4
5
r−1
dec
for rdec ≪ 1, as in the usual
curvaton scenario. Here ǫ1 ≡ H˙/H2 and η ≡ m2ϕ/3H2
are defined at the horizon exit.
B. Slow-roll and fast-decay
As a second example, we consider the fast decay sce-
nario. Again, we find the spectrum of the perturbation
given by
P1/2ζσ ≃
1
αβrosc
(
P1/2δϕ
ϕ
)
osc
≃ g
2παβrosc
√
λ
H1
M
. (22)
Here the fast-decay assumption leads to Hdec ∼ Hosc. To
quantify the ratio, we introduce a parameter defined by
Pd ≡ Hdec
Hosc
≤ 1, (23)
where Pd = 1 corresponds to the instant decay. We find
rdec ≡ ρσ
ρ
∣∣∣∣
dec
=
ρσ
ρr
∣∣∣∣
osc
×
(
Hosc
Hdec
)1/2
=
rosc√
Pd
. (24)
As in the usual curvaton scenario, the phase transition
at rdec ≪ 1 leads to enhanced non-Gaussianity. The
model predicts that, whenever rosc <∼ 1 is natural in the
hybrid curvaton scenario, the instant decay may affect
non-Gaussianity. This is not mandatory in the slow-roll
scenario, but could be mandatory if slow-roll breaks down
before the waterfall. We are going to consider this pos-
sibility in the next section, although a more exact calcu-
lation requires numerical study.
C. Breakdown of slow-roll and fast decay
Since the radiation energy density is decreasing while
mϕ is constant, the natural idea is that η ∼ 1 triggers
the significant variation of ϕ and eventually it causes the
phase transition. Because the contribution of ϕ to the
scalar potential is small (i.e, m2ϕϕ
2 ≪ V0), the kinetic en-
ergy of ϕ is not significant even if the slow-roll is violated
before the waterfall.5 To avoid an extreme situation, our
modest assumption in this section is α ∼ 1. On the other
hand, the perturbation δϕ leaves horizon during the pri-
mordial inflation, when the slow-roll parameters of ϕ are
supposed to be much smaller than unity. We thus find
that the spectral index is small, n− 1≪ 1.
The problem in the slow-roll scenario is that, since the
variation of ϕ (i.e, ∆ϕ ≡ ϕ(tini) − ϕc) is negligible, we
5 The opposite limit leads to oscillations of the same type as in
locked inflation [7], which is not considered in this paper.
always have to assume careful tuning of the initial con-
dition ϕ(tini) ≃ ϕc. This tuning is relaxed if slow-roll
breaks down just before the phase transition. Moreover,
since β ∼ 1 is justified in supergravity, there is the im-
portant prediction that rosc <∼ 1 in the hybrid curvaton
model.
To look into more details, consider the evolution in the
radiation-dominated Universe. This immediately leads to
the equation of motion
ϕ¨+ 3H(t)ϕ˙+ (cH(t)2 +m2ϕ)ϕ = 0, (25)
where the Hubble parameter evolves as
H(t) =
1
2t
. (26)
Before fast-roll, we assume m2ϕ ≪ cH(t)2. Substituting
dt = 4tdτ/3, we find for the radiation dominated Uni-
verse [12]
d2ϕ
dτ2
+
2
3
dϕ
dτ
+
3c
9
ϕ ≃ 0, (27)
which has an oscillating solution when
c ≥ 1
4
. (28)
According to Ref. [17], there can be a cancellation that
leads to c ≪ 1 during radiation domination. Therefore,
a conceivable set-up of the model is c ≪ 1/4 with fast-
roll starting when m2ϕ = H(tfast)
2/4. At this moment
(t = tfast), we find
ρr = 12m
2
ϕM
2
p = 12βV0 . (29)
To capture the evolution after the breaking of slow-
roll, we introduce γ ≡ tosc/tfast ≥ 1, which is determined
by the evolution thereafter. γ = 1 means that the σ-
oscillation starts immediately after the breaking of slow-
roll. Note that a non-trivial evolution of the waterfall
field can be described by γ ≫ 1, which we will not con-
sider. There could be a small-scale perturbation of δσ,
but this is not the topic of this paper.
For γ2 < 12β, the σ-oscillation starts in the radiation-
dominated Universe. This means that rosc is given by
rosc =
γ2
12β
< 1. (30)
Assuming fast decay (Pd ∼ 1) and β ∼ 1, the slow-roll
breakdown just before the waterfall may produce natu-
rally the coincidence rdec <∼ 1. Therefore, the scenario
gives rise to rdec <∼ 1, which can affect non-Gaussianity.
One may suspect that a large initial value (ϕ ∼ Mp)
can easily cause a long-time rolling that leads to the cur-
vaton domination before the phase transition. This spec-
ulation is true. In this respect, the scenario more or less
depends on the initial condition. ϕ(tini)≫ ϕc with β ∼ 1
may lead to the opposite scenario, in which domination
5by the curvaton starts before the phase transition. This
scenario of the inflating curvaton [4] will be discussed in
the next section.
In the above scenario with β ∼ 1, long-time oscillation
of the waterfall field is not needed for the curvaton dom-
ination. The waterfall field σ can decay after a few os-
cillations, in contrast to the standard curvaton scenario,
in which a small decay rate is needed for the curvaton
domination.
The spectrum of the curvature perturbation is ob-
tained in the same way as in the previous (slow-roll)
scenario;
P1/2ζσ ≃
1
αβrosc
(
P1/2δσ
ϕ
)
osc
≃ 1
αβrosc
(
P1/2δσ
ϕ
)
ini
, (31)
where the ratio δϕ/ϕ behaves like a constant when V (ϕ)
is quadratic. Otherwise, the result is highly model-
dependent. Note that the deviation from α ∼ 1 might
be significant at the waterfall if the evolution is already
far from slow-roll (i.e, when β ≫ 1). In this case, the
non-linear evolution of ϕ and δϕ is significant and it re-
quires further study. Here, considering a model with the
modest evolution α ∼ 1 and β ∼ 1 (as motivated by
supergravity), we expect rosc ∼ 0.1.
III. INFLATING HYBRID CURVATON
It is possible to realize the inflating curvaton scenario
if the oscillation starts after curvaton domination. This
scenario always gives rosc = 1 by definition, and helps
to explain the spectral index and its running by reduc-
ing the number of e-foldings required for the primordial
inflation [4]. The number of e-foldings during the curva-
ton inflation (N2) is determined by the initial condition
ϕ(tini) and β;
N2 =
1
β
ln
ϕ(tini)
ϕc
, (32)
where tini denotes the beginning of the curvaton inflation.
In this section we assume O(1) couplings for the hybrid
potential (λ ≃ g ≃ 1) just for simplicity. Considering the
bound ϕ(tini) < Mp and M > 1TeV (i.e, ϕc > 1TeV), we
find from Eq. (32) that the maximum number of N2 is
given by
N2 < 35β
−1. (33)
Slow-roll (β ≪ 1) requires ϕ(tini) ∼ ϕc if we demand
N2 < 60. We are not excluding this possibility, but it
would be interesting to relax this tuning using a fast-roll
potential (η ∼ β ∼ 1). In this case we find
δN2 =
1
β
δϕ
ϕ
∼ δϕ
ϕ
. (34)
Since the ratio δϕ/ϕ does not evolve in the case of a
quadratic potential, we obtain
P1/2ζ ∼
H1
2πϕceβN2
, (35)
where the relation ϕ(tini) ≃ ϕceβN2 was used. Here P1/2ζ
denotes the observable spectrum from the CMB.
If we consider the stochastic initial condition H1 > M
[4], we find P1/2ζ ≫ e−βN2. Here ϕc ≃M is used because
O(1) couplings are assumed. Therefore, the stochastic
condition leads to
N2 > 13β
−1 ∼ 13. (36)
This result is in sharp contrast to the PNGB inflating
curvaton [4], in which the stochastic condition puts an
upper bound for N2.
An interesting application of this scenario is that M
can be related to the dynamical scale of supersymmetry
breaking while β ∼ 1 is due to the supergravity action.
Considering M ∼ Λs ∼ 1011GeV, we find (The upper
bound is different from Eq.(33) because the scale of M
is different.)
13 < N2 < 16, (10
16GeV < ϕ(tini) < Mp) (37)
and for M ∼ 106GeV we find
13 < N2 < 27, (10
11GeV < ϕ(tini) < Mp). (38)
As in the standard curvaton scenario, the spectral in-
dex is given by
n− 1 = −2ǫ1 + 2η, (39)
where ǫ1 (for the primordial inflaton) and η (for the
slow-roll curvaton field) are calculated at the horizon
exit. If the primordial inflation is of the chaotic type
with potential V (φ) ≃ Aφp, then ǫ1 ≃ p/4N1. Accord-
ing to observations, n − 1 = −0.037± 0.014 [18], which
leads to N1 ≃ 14p for negligible η. In the oscillating
curvaton scenario (N2 = 0) the spectral index excludes
p < 4, and gives for the running of the spectral index
n′ ≡ (n − 1)/N1 ≃ 0.0007. The situation is quite dif-
ferent in the inflating curvaton scenario. Because of the
second inflation N2 6= 0, p < 4 is not ruled out, while the
running of the spectral index is enhanced when N1 < 60,
which can have observational impact [4].
IV. CONCLUSIONS
One of the advantages of the curvaton idea is that the
sector, which gives rise to primordial inflation (inflaton
sector), can be decoupled from the sector which gives rise
to the curvature perturbation (curvaton sector). This
can naturally accommodate the stability of the hierarchy
in scales, which is a feature of the curvaton scenario.
Moreover, in the curvaton scenario, the inflaton sector
6does not even need to feature a fundamental scalar field
at all 6 In that sense, the curvaton scenario liberates the
inflaton sector from many serious constraints [25].
Although the inflaton sector has been investigated in
the context of various theoretical models, including the
hybrid-type potential for the inflaton field, the curva-
ton sector is usually considered merely with the simple
quadratic potential. This gives somewhat “biased” infor-
mation about the possibilities for inflationary cosmology.
In that sense, our paper is an effort to expand the state of
the art. Furthermore, the hybrid potential, which is the
target in this paper, is well motivated in particle physics
without being necessarily tied to the inflaton. For exam-
ple, the hybrid structure may appear in GUTs or brane-
brane interactions [24, 26] while it can well explain the
differences in scales [26]. Finally, in the hybrid curvaton,
the source mechanism of the curvature perturbation is
utterly different from the original curvaton scenario. In
that sense the basic formulation is brand-new.
To be more specific, we considered in this paper a new
possibility of the curvaton scenario; we studied oscillat-
ing, inflating and non-slow-roll scenarios for the hybrid
curvaton. For the slow-roll scenarios we found signifi-
cant enhancement of the curvature perturbation, while
in the non-slow-roll scenarios we found that the tuning
requirements for the initial condition are relaxed. The in-
flating curvaton predicts distinguishable running of the
spectral index, which cannot be attained in the usual in-
flation scenario except for a few extended models.7 There
is a variety of models possible for the hybrid curvaton.
For example, one can consider the curvaton analogues
of smooth hybrid inflation [21] or shifted hybrid infla-
tion [22].
Since the purpose of this paper is not the model build-
ing but the basic formulation of the brand-new idea,
we avoided highly model-dependent arguments and fo-
cused on the simplest model that is useful to explain
the essential idea of the scenario. We have considered
α = 3(Hϕ˙/Vϕ)osc ∼ 1 because it is the natural choice.
However, the scenario with α ≫ 1 is interesting as well.
A large α would reduce the spectrum of the curvature
perturbation, but the non-linear evolution might enhance
non-Gaussianity, in a way that has not been considered
yet. However, the calculation requires numerical study.
We have also considered β ∼ 1 (β is defined in Eq. (17))
because this is well motivated by supergravity. β is gener-
ically a model-dependent parameter and, were it not for
the supergravity motivation, there would be no reason to
believe that β ∼ 1. Finally, we considered that the os-
cillation starts immediately after the end of the slow-roll
evolution to avoid the complexity related to the dynamics
of the waterfall. However, in some cases this dynamics
could be non-trivial, which may require numerical cal-
culations. Indeed, the evolution of the waterfall is not
easily understood by analytical calculation only [6] even
without a radiation background.
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